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Summary Previously, we demonstrated that the interaction between leucocytes and endothelial cells in
tumour tissues is greatly diminished compared with normal tissues under several induced inflammatory
conditions. Radiation has been reported to cause release of inflammatory mediators and to promote neutro-
phil adhesions to cultured endothelial monolayers. In this study, we tested the hypothesis that radiation would
cause increased leucocyte rolling and adhesion in both tumour and normal tissues. We examined these two
parameters in response to 6 Gy of y-radiation in mammary adenocarcinomas implanted into rat skinfold
window chambers as well as normal (i.e. non-tumour-bearing) preparations. Leucocyte rolling and adhesion
were measured in terms of flux of rolling leucocytes (Frojing) and density of adhering leucocytes (Dadhefng) in
microvessels. Frolfing and Dadhering were measured in two groups of preparations: irradiated and control. In
normal preparations, Frojllng and Dadhering were both increased significantly by radiation. In contrast, in
adenocarcinoma-bearing preparations, Frolling and Dadhering were either unchanged (in the tumour centre) or
reduced (in tumour periphery and the normal tissue surrounding the tumour) by radiation. Radiation did not
cause changes in haemodynamics in these preparations, thus the observed changes in leucocyte rolling and
adhesion could not be accounted for by haemodynamic factors. These results indicate that: (1) in normal
preparations, radiation could cause inflammation as manifested by increased leucocyte rolling and adhesion;
and (2) in tumour-bearing preparations, radiation caused changes in the vascular surface properties such that
they became less adhesive to leucocytes. Such differences in radiation response may have important implica-
tions for radiation therapy and provide new insights into the unique features of tumours.
It is widely known that radiation exposure causes tissue
injury manifested by vascular permeability increase, inflam-
mation, loss of blood vessels and tissue fibrosis (Baker &
Krochak, 1989). The initial events after radiation which lead
to these abnormalities may be twofold: release of inflamma-
tory mediators (e.g. histamine) from mast cells (Lasser &
Stenstrom, 1954) and direct damage to endothelial cells.
Several features of endothelial damage have been identified.
For example, it has been shown that radiation causes endo-
thelial cells to release prostaglandins, chemoattractants and
mitogenic factors (Matzner et al., 1988; Eldor et al., 1989;
Witte et al., 1989). Among other things, one important event
likely to occur in the blood vessels after irradiation is an
increase in interaction of leucocytes with vascular surfaces.
Leucocyte adhesion to the endothelial surface can be enhanc-
ed by increased expression of P-selectin adhesion molecules
as a result of histamine stimulation (Lorant et al., 1991), and
also by chemoattractants released by the endothelial cells.
Indeed, it has been shown in an in vitro system that neutro-
phil adhesion to irradiated endothelial cells is increased
(Dunn et al., 1986). However, to the best of our knowledge,
the effect of radiation on leucocyte adhesion to the vascular
surface has not been examined in any animal model.
Leucocyte adhesion to endothelial cells is an important
component of inflammation and may significantly affect the
functions of microvascular circulation (Lipowsky et al.,
1988), yet it is only recently that this phenomenon has been
studied in tumour microvessels (Ohkubo et al., 1991; Wu et
al., 1992). Our recent study (Wu et al., 1992) indicated that
leucocyte rolling and adhesion in tumour blood vessels was
greatly reduced compared with that in non-tumour vessels,
and such reduction was due to altered properties of endo-
thelial cells in tumours. Thus, this study suggested that blood
vessels in the tumour environment might express certain
unique features.
The effects of radiation on tumour tissue have been inves-
tigated largely in terms of DNA damage and mitotic cell
killing. So far, there has been no study on radiation's effect
on leucocyte-endothelium interactions in tumour blood
vessels. In as much as such interactions may affect tumour
blood flow (Lipowsky et al., 1988) and oxygenation, and
subsequently the outcome of radiation therapy, it is impor-
tant to characterise these interactions in tumour vasculature
after radiation. Furthermore, understanding how tumour
blood vessels respond to radiation exposure will provide
important insights into the uniqueness of tumour blood
vessels.
The two purposes of the present study were, first, to verify,
in an in vivo model, that radiation exposure would increase
leucocyte rolling and adhesion and, second, to characterise
the effect of irradiation on leucocyte rolling and adhesion in
tumour blood vessels. Based on the results of previous
studies, we hypothesised that leucocyte rolling and adhesion
would be increased by irradiation in both tumour and nor-
mal blood vessels. We tested this hypothesis by measuring
leucocyte rolling and adhesion in normal and tumour micro-
vessels in a rat skinfold window chamber at 1-2 h after a
6 Gy dose of X-rays.
Materials and methods
Animalpreparation
The animal model for this study was a rat dorsal skinfold
window chamber with implanted tumour. This preparation
allows direct visualisation of tumour vasculature. The
detailed procedure for preparing this animal model has been
described fully elsewhere (Papenfuss et al., 1979). Briefly, an
overlapping pair ofcircular regions of skin, 1 cm in diameter,
are removed in the opposing surfaces of the dorsal flap of
Fisher rats. The fascia is dissected away, leaving a single
fascial plane with its associated artery-vein pair(s). The two
halves of the chamber are placed on either side of the tissue
window. Cover glass is placed in the centre of each chamber
half to provide a barrier to infection and dehydration. The
visible tissue area within the chamber is 9 mm in diameter
and 180-2001tm in thickness. For tumour-bearing prepara-
tions, a 0.1 mm3 piece of rat mammary adenocarcinoma
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(R3230Ac) is placed on one side of the implanted chamber
underneath the cover glass. Preparations are used 7-10 days
after surgery, when the tumours are 3-5 mm in diameter and
well vascularised. Non-tumour-bearing preparations, also
used 7-10 days after surgery, serve as controls. In our
experiments, the rats weighed 125 -130 g at the time of the
surgery, and 140-150 g at the time of experimentation.
Irradiation of the preparations
Rats were first anaesthetised with sodium pentobarbital
(40 mg kg ', i.p.), and placed in lateral recumbency. Then
the preparation was irradiated using 4 MeV X-rays (Clinac 4,
Varian Associates). The head, limbs and body trunk were
shielded by lead blocks. Radiation was delivered at 2.0 Gy
min-' at a source-to-target distance of 80 cm. A total dose of
6 Gy was delivered. Tissue equivalent bolus was placed on
both sides of the irradiated tissue in order to ensure elec-
tronic build-up.
Measurements ofleucocyte rolling and adhesion
The details of the method used to measure leucocyte rolling
and adhesion can be found in one of our previous publica-
tions (Wu et al., 1992). Only a brief description is given here.
One to two hours after the irradiation of the preparation
as described above, the femoral vein of the rat was can-
nulated for intravenous injection of acridine orange. The rat
was then placed on a temperature-controlled microscopic
stage. The window chamber was positioned underneath a
fluorescence microscope (Zeiss photomicroscope III) equip-
ped with a fluorescence filter set for fluorescein. The cover
glass of the window chamber was not removed, therefore the
preparation was not exposed to air during experiments.
Leucocytes were stained with intravenously injected 0.5%
saline solution of acridine organ (Sigma, St Louis, MO,
USA), which was intermittently delivered by an infusion
pump (model 341B; Sage Instruments, Boston, MA, USA).
The preparation was observed with a 40 x objective (NA,
0.65). The behaviour of leucocytes in each individual micro-
vessel was recorded by a SIT camera (model C2400, Hama-
matsu Photonics, Hamamatsu City, Japan) on videotape. For
best visualisation of leucocytes, a small bolus of acridine
orange was injected at 0.3 ml min-' for 5 s immediately
before each recording. Each recording lasted for 1 min, dur-
ing which time the preparation was continuously illuminated
by a 50 W mercury lamp. In between two recordings, the
mercury light was blocked to reduce tissue damage. Bright-
field illumination was used during the search for the next
microvessel to be recorded.
Experiments were performed on both normal and tumour-
bearing rats. In normal preparations, 5-10 post-capillary
venules were recorded. For tumour-bearing rats, the prepara-
tion was divided into three regions: tumour centre, tumour
periphery and surrounding normal tissue. These three regions
were identified based on the following characteristics of our
tumour preparations. They typically have three regions of
different thickness, as shown in Figure 1. The tumour centre
is the thickest, while its advancing edge is slightly thicker
than the surrounding normal tissue. In each region, five
microvessels were recorded. In the surrounding normal tissue,
post-capillary venules were selected for observation. In the
tumour centre and tumour periphery, the vascular network
was irregular and could not be simply divided into arterioles,
capillaries and venules (Dewhirst et al., 1989). To be consis-
tent with the normal tissue, only vessels which received con-
verging blood flow were chosen. Vessels were selected near
the top surface of the preparation (maximally 100 gsm depth)
for best optical quality.
Leucocyte rolling and adhesion were analysed from video-
tapes of each experiment. For each vessel, the numbers of
rolling leucocytes (Nroling) passing a certain point in the
vessel, and of adhering leucocytes (Nadherjng) within a vessel
segment of known length (L), were counted for a 30 s obser-
vation period. The length (L) of each vessel was chosen as
a
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Figure 1 Diagram of a tumour-bearing preparation. Such a
preparation is divided into tumour centre (TC), tumour periphery
(TP) and normal (N) regions. a, En face image of the prepara-
tion. b, A cross-section of the preparation.
long as the vessel could accommodate up to 200 lm. Vessel
diameter (D) and the velocity of up to ten free-flowing
leucocytes were also measured. A rolling leucocyte was
defined as one that marginates along the vessel wall and is
clearly dissociated from the bulk blood flow. An adhering
leucocyte was defined as one that stays still during 30 s of
observation. Two quantities were calculated to measure
leucocyte rolling and adhesion. They were (i) the average flux
of rolling leucocyte (Frosing), where Froing = Nroliing/(30 s), and
(ii) the average density of adhering leucocyte (Dadherng) where
Dadbenng = Nadhering/(R-D-L). A pseudo-shear rate (75) was also
calculated for each vessel as y5 = 8VL/D, where VL is the
mean velocity of free-flowing leucocytes.
Measurement ofleucocyte count and differential
In two separate groups of experiments, the effects of irradia-
tion and the presence of tumour on systemic leucocyte count
and differential were examined. In the first group, five rats
with implanted window chambers and six control rats were
irradiated at 6 Gy. The five chamber-bearing rats were irradi-
ated in identical manner as the rats used for leucocyte rolling
and adhesion experiments, while the six rats without
chambers had the hindlimb irradiated to a zone extending
from the knee to the ankle. The size of irradiated area in the
window chamber was approximately 1 cm in diameter. Given
the thickness of tissue in the window chamber of 200 glm, the
volume of tissue irradiated was estimated to be 16 mm3. For
those rats irradiated on the hindlimb, the volume of the
irradiated tissue was estimated* to be more than 200mm3.
Blood samples were taken from each rat before and after
irradiation. These blood samples were used for leucocyte
count and differential measurements.
In the second group, blood samples were taken from nine
rats with adenocarcinomas implanted in the hindlimb and 11
normal rats for leucocyte count and differential
measurements. The tumour diameters in the nine rats ranged
from 4 to 15 mm.
Statistical analysis
Data for vessels from each region (tumour centre, tumour
periphery and normal tissue) of tumour-bearing rats and
*If the irradiated portion of the hindlimb is approximated as a
truncated cone, then the diameters at the two ends are roughly 6 and
16mm. The length of the shank is approximately 20 mm. The
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from normal rats were pooled for each experimental condi-
tion (i.e. irradiated and control). Differences in vessel
diameter and in free white cell velocity for each group of
vessels between irradiated and control conditions were tested
with the unpaired Student t-test. Differences in Frolling and
Dadhenng were assessed using the general linear model. Owing
to the non-normality of Frolling and Dadherng data, the Poisson
error term model was fit to the data. In the analysis, adjust-
ment was made for variations in vessel shear rate (Ys) and
between-rat differences. The purpose of adjusting for Ts is to
account for the possible effect of blood flow shear force on
leucocyte-endothelium interaction. The significance of differ-
ences in Frolung and Dadhering between the two conditions was
ascertained by the likelihood ratio test. Estimates for differ-
ences between irradiated and control conditions (on the log
scale) of both mean Froning and Dadhering were obtained. These
estimates were exponentiated to give the ratio of the mean
for irradiated condition to that for control condition. This
analysis was carried out with the GLIM statistical package
(Numerical Algorithms Group, 1987). In the graphic presen-
tation of Fro,ing and Dadhenng, the standard error of means
(s.e.m.) was calculated for each parameter among vessels
from the same tissue region and under the same treatment.
Data are expressed as means ± s.e.m.
Frowng and Dadherng were also compared between the normal
vessels of tumour-bearing preparations and the normal pre-
parations by using the same statistical analysis as outlined
above.
The effect of irradiation on the systemic leucocyte count
and differential was tested with a paired Student t-test. An
unpaired Student t-test was used to examine the difference in
leucocyte count and differential between normal and tumour-
bearing rats.
A difference was regarded significant if P<0.05.
Results
A total of 23 normal rats (seven control, 16 irradiated) and
17 adenocarcinoma-bearing rats (nine control, eight irradi-
ated) were used for the in vivo leucocyte-endothelium
interaction experiments. There was no apparent difference in
the morphological appearance of microvessels between the
normal preparations and the normal tissues in the tumour-
bearing preparations. Irradiation at 6 Gy did not cause
changes in the size of vessels or the velocity of free-flowing
leucocytes in tumour-bearing preparations, but increased
both parameters in the normal preparations (Table I).
Figure 2 shows examples of video images of leucocyte
adhesion in tumour and normal vessels under control and
irradiated conditions. These examples show that radiation
increased leucocyte adhesion in vessels of the normal
preparation, but decreased it in tumour vessels. These obser-
vations are demonstrated by the following quantitative data.
Leucocyte interaction with endothelial cells was charac-
terised by leucocyte rolling and leucocyte adhesion. The flux
of leucocyte rolling, Frnlning, and the density of leucocyte
adhesion on the vascular surface, Dadheing, were measured for
each tissue type (tumour-bearing vs normal) under each con-
dition (control vs irradiated). Furthermore, the data for
tumour-bearing preparations were divided according to
regions within the preparation. Data for FroUing and Dadhering
are presented in Figures 3 and 4 respectively. In tumour-
bearing preparations, in the tumour periphery and the nor-
mal tissue surrounding the tumour, both Froiing and Dadhering of
the irradiated group decreased significantly (P<0.05) com-
pared with the control group. However, in the tumour centre,
there was no significant difference in Froufing or Dadhering
between the control and the irradiated groups. In contrast, in
the normal preparations, radiation significantly increased
both FinoIhg and Dadhening (P<0.05).
To assess the magnitude of radiation-induced changes in
leucocyte rolling and adhesion, the ratios of Frolling and Dadher-
ing of the irradiated rats to their counterparts of the control
rats were calculated. They are presented in Table II.
A comparison of the data between tumour-bearing and
normal preparations subjected to the same treatment shows
that the values for both Frolling and Dadhermng of normal vessels
were much higher in the normal preparations than in the
tumour-bearing preparations (P<0.05) (note that, in both
Figures 3 and 4, the scales for the two preparations are
different). Furthermore, radiation caused FroUing and Dadhering
to change in the opposite directions in these two prepara-
tions, even though the vessels in question were normal
vessels.
The effects of irradiation and tumour bearing on the
systemic leucocyte count and differential were studied in two
separate groups of rats. In the first group, 11 rats were
irradiated at 6 Gy, and blood samples were taken before and
1 h after the irradiation. There were no statistically signi-
ficant differences in the leucocyte count, the percentage of
polymorphonuclear leucocytes and the percentage of lympho-
cytes. However, the percentage of monocytes was signifi-
cantly decreased by irradiation (Table III).
In the second group, the systemic leucocyte count and
differential were measured from nine rats bearing adenocar-
cinomas and 11 normal rats. The results are presented in
Table IV. There was no statistically significant difference in
any of the parameters between the tumour-bearing and nor-
mal rats.
It is known that leucocyte-endothelium interaction is
affected by haemodynamics within the blood vessels; a higher
shear force on the vascular surface tends to reduce leucocyte
rolling and adhesion (Lipowsky et al., 1988; Gallik et al.,
1989). For this reason, we examined whether the observed
differences in leucycote-endothelium interaction in response
to radiation could be accounted for by changes in haemo-
dynamics. In each blood vessel, we measured the velocity of
free-flowing white cells (Vwb). From Vwbc and the vessel
diameter, we calculated the pseudo-shear rate (Ts), which is
assumed to be proportional to the shear force acting on the
vessel surface. The data for V.b, and Ts, along with diameter
data, in each group ofpreparations under each condition, are
presented in Table I. Radiation did not cause a significant
change in the shear rate in any group of vessels. Therefore,
we concluded that the radiation-induced changes in leucocyte
rolling and adhesion were not due to changes in haemo-
dynamics. In addition, the pseudo-shear rate for normal
Table I Morphometric and haemodynamic parameters. All averaged data are expressed as means± s.e.m
Number Diameter WBC velocity Shear rate
Preparation Region Treatment ofvessels (P.M) (Ams-') (s-')
Tumour Tumour center Control 43 24.8±1.7 506.2±44.3 216.2± 30.2
Irradiated 31 24.1 ± 1.7 477.6± 53.9 187.0± 23.9
Tumour Control 31 26.5±2.5 363.4±40.5 126.0± 15.9
periphery Irradiated 19 25.0±2.1 467.0±71.5 172.7±30.8
Surrounding Control 37 33.6± 3.8 369.4±29.1 118.2± 16.5
normal Irradiated 33 32.0±3.1 339.3±39.5 111.8± 17.2
Normal Control 70 37.6±2.4 410.0± 30.2 108.4± 12.4
Irradiated 145 44.3±1.5a 476.9±22.8a 93.2±4.8
aSignificantly greater than its control counterpart (P<0.05).886 N.Z. WU et al.
vessels of tumour-bearing preparations was not different
from that in normal preparations. Thus, the observed differ-
ences in leucocyte rolling and adhesion in normal vessels
between the two types of preparations could not be
accounted for by differences in haemodynamics.
Discussion
In this investigation, we tested the hypothesis that leucocyte
interactions with endothelial cells, i.e. leucocyte rolling and
adhesion, would be increased by ionising radiation in the
blood vessels of both tumour and normal tissues. We per-
formed the experiments in a tumour microcirculatory pre-
paration which allows direct visualisation of leucocyte
behaviour in individual microvessels. We found that 1-2 h
after exposure to 6 Gy irradiation, -leucocyte rolling and
adhesion significantly increased in the normal preparations.
In contrast, leucocyte rolling and adhesion significantly
decreased in both tumour periphery and surrounding normal
blood vessels in the tumour-bearing preparations. These
Figure 2 Digitised video images of leucocyte adhesion in microvessels. Bright white dots are fluorescently labelled leucocytes.
These images were averaged from several video frames. Thus only adhering leucocytes can be visualised as round dots. a, Normal
preparation, control condition. b, Normal preparation, irradiated condition. c, Tumour-bearing preparation, control condition. d,
Tumour-bearing preparation, irradiated condition.
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Figure 3 Comparison of flux of rolling leucocytes between cont-
rol (-) and irradiated (0) preparations. *The quantity measured
after radiation exposure is significantly lower than under control
conditions (P<0.05). **The quantity measured after radiation
exposure is significantly higher than under control conditions
(P<0.05). Note that the scales for the two preparations are
different. Error bar represents s.e.m.
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Figure 4 Comparison of density of adhering leucocytes between
control and irradiated preparations. *The quantity measured
after radiation exposure is significantly lower than under control
conditions (P<0.05). **The quantity measured after radiation
exposure is significantly higher than under control conditions
(P<0.05). Note that the scales for the two preparations are
different. Error bar represents s.e.m.
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changes in leucocyte-endothelium interactions could not be
accounted for by changes in shearing forces on luminal sur-
face of the blood vessels. Therefore, the results of this study
support our hypothesis for normal preparations, but not for
tumour-bearing preparations.
Increases in in vitro leucocyte-endothelium interactions
after irradiation have been observed by other investigators.
Dunn et al. (1986) reported that neutrophil adhesion to
cultured endothelial cells was significantly increased 72 h
after the endothelial cells were irradiated at a dose of 5 Gy.
Matzner et al. (1988) reported that irradiation of endothelial
cells caused release of a lipid neutrophil chemoattractant.
This release of chemoattractant was rapid and radiation dose
dependent. It was observed at a minimum dose of 5 Gy, and
as early as 10 min after irradiation. It reached maximum at
1 h and lasted for 24 h. These results suggest that endothelial
cells are capable of attracting leucocytes and probably pro-
mote leucocyte adhesion in response to radiation. In addi-
tion, in intact tissues, mast cells respond to radiation by
releasing histamine, which, in turn, can up-regulate the ex-
pression of adhesion molecule P-selectin on endothelial cells
(Lorant et al., 1991). P-selectin is known to participate in the
initial leucocyte-endothelium interaction, i.e., leucocyte roll-
ing, and thus promoting leucocyte adhesion (Smith, 1993).
Our study confirms that, in normal preparations, in vivo
leucocyte rolling and adhesion increase 1-2 h after radiation
exposure. In addition, we also observed in a related study
that, at 24 h after irradiation, leucocyte rolling and adhesion
in the same preparations were similar to their levels at 1-2 h
(data not shown). Thus, our results are consistent with the
time course of chemoattractant release reported by Matzner
et al. (1988).
There are two surprising findings in this study. The first is
that radiation exposure caused a decrease in leucocyte-endo-
thelium interactions in the tumour-bearing preparations. The
second is that the normal vessels surrounding tumour tissues
had lower baseline adhesivity to leucocytes than the vessels in
normal preparations, and radiation resulted in opposite reac-
tions in these two groups of vessels. Such a contrast between
tumour-bearing and normal preparations suggests that im-
portant differences exist between the tumour and normal
environment. These differences affect endothelial adhesiveness
not only within the tumour, but also in its vicinity. Further-
more, these differences can be amplified by radiation expo-
sure.
Table II Ratios ofFrolling and Dadhenng, irradiated to control
Tumour-bearing preparations
Tumour Tumour
center periphery Normal Normalpreparations
Froiiing 0.83 0.50a 0.34a 2.2b
Dadhering 0.91 0.53a 0.37a 1.50b
aSignificantly less than 1.0 (P<0.05). bSignificantly greater than 1.0
(P<0.05).
Interactions between leucocytes and endothelial cells in
tumour microvessels have been studied previously. Ohkubo
et al. (1991) reported that interleukin 2 increased leucocyte
adhesion to both normal and tumour microvascular endothe-
lium in VX2 carcinoma implanted in rabbit ear chambers. In
our previous studies (Dewhirst et al., 1992; Wu et al., 1992),
we reported that inflammatory mediators such as bradykinin,
bacterial lipopolysaccharide (LPS) and TNF-a could increase
leucocyte rolling and adhesion in both tumour and normal
blood vessels, although these increases were much higher in
the normal than in the tumour vessels. It is very interesting
to compare the results of these previous studies with the
current study. For vessels of normal preparations, leucocyte
rolling and adhesion were increased by applied inflammatory
mediators in the earlier studies, and by 6 Gy radiation in this
study. However, for vessels of tumour-bearing preparations,
including the vessels in the normal tissue surrounding
tumours, leucocyte rolling and adhesion were increased by
applied inflammatory mediators in the earlier study, but were
decreased by 6 Gy radiation in this study. Therefore, for
normal preparations, radiation had similar effects as inflam-
mation, whereas for tumour-bearing preparations, radiation
had opposite effects to those observed with inflammatory
mediators.
The observed radiation-related differences in leucocyte roll-
ing and adhesion between normal and tumour preparations
could not be attributed to any systemic differences in leu-
cocyte count and differential. In two separate sets of
experiments, we examined the effects of irradiation and
tumour bearing on systemic white cell count and differential.
In the first set, we found that irradiation of either window
chambers or rat hindlimb did not cause any change in
systemic leucocyte count and differential, except for a drop in
monocyte percentage. The systemic effect of irradiation
would be expected to be more significant for hindlimb irrad-
iation than for window chamber irradiation since the volume
of irradiated tissue was much larger for the former case.
Given the fact that monocytes constitute a very small percen-
tage of all the leucocytes, it is very unlikely that the observed
drop in monocyte count after irradiation could account for
the differences in leucocyte rolling and adhesion in the micro-
vessels. In the second set, we found no statistically significant
changes in systemic leucocyte count and differential between
normal rats and the rats bearing adenocarcinoma on the
hindlimb, which had much larger volume than the tumours
implanted in the window chamber. Therefore, the observed
differences in leucocyte behaviour in the microcirculatory
environment between normal and tumour-bearing prepara-
tions could not be accounted for by any difference in
systemic white cell parameters.
The difference in the response of blood vessels to irradia-
tion between the two tissue types could be due to (1)
differences between endothelial cells located in normal tissues
and those in tumours and/or (2) differences in the paren-
chymal cells between normal and tumour tissues. For the first
possibility, it is known that endothelial cells in the tumour
environment are constantly subjected to acidic and hypoxic
Table III The effect of irradiation on systemic leucocyte count and differential
Leucocyte count Leucocyte differential (%)
( x 103mm-3) Polymorphonuclears Lymphocytes Monocytes
Preirradiation 7.56± 1.56 18.5±2.8 76.5± 3.1 5.1±0.9
Post-irradiation 7.85± 1.55 16.2± 1.9 81.0± 2.0 2.8±0.6
Pre-post ratio 1.00±0.14 1.35±0.23 0.95±0.04 2.32±0.59
aSignificantly different between pre- and post-irradiation by the Student t-test (P<0.05).
Table IV The effect of tumour bearing on systemic leucocyte count and differential
Leucocyte count Leucocyte differential (%)
Preparation (x 103mm-3) Polymorphonuclears Lymphocytes Monocytes
Normal 8.13± 1.45 18.2±2.1 76.3±2.7 5.6±0.9
Tumour-bearing 8.81 ± 1.64 25.4± 3.8 66.7± 4.7 7.9± 1.7888 N.Z. WU et al.
conditions (Vaupel et al., 1989), as well as tumour-derived
factors such as vascular permeability factor (also known as
vascular endothelial growth factor) (Senger & Dvorak, 1992).
Compared with normal endothelial cells, they are known to
express certain phenotypic differences such as increased pro-
liferation rate (Denekamp & Hobson, 1982). Several unique
features of tumour blood vessels, such as increased per-
meability (Gerlowski & Jain, 1986; Dvorak et al., 1988) and
decreased leucocyte adhesion (Wu et al., 1992), may be very
possibly due to altered endothelial properties in tumours.
Thus, it is possible that tumour endothelial cells have a
different response to radiation than normal endothelial cells.
The second possibility is that the tumour parenchymal cells
(tumour cells and/or other cells in tumour such as macro-
phages) respond to radiation by releasing mediators which
are different than those released by normal cells..It is widely
recognised that inflammatory mediators such as histamine
are released by mast cells following radiation (Lasser &
Stenstrom, 1954). Histamine can facilitate leucocyte adhesion
for reasons discussed earlier. However, it is not known
whether radiation could release certain substances, preferen-
tially from tumour tissues, which can inhibit leucocyte
adhesion. Such substances, if they exist, would lead to sup-
pression of leucocyte adhesion in tumour-bearing tissues.
Of the two possibilities discussed above, the second one,
i.e. mediator release from tumour parenchymal cells follow-
ing radiation, seems more plausible. We found that the nor-
mal blood vessels in the vicinity of tumours had a similar
response to radiation as tumour vessels. This observation
suggests that tumour tissue releases certain mediators which
affect the nearby normal vessels. It has been recognised that,
owing to higher interstitial pressure in tumours, tumour
interstitial fluid filters out of the tumour into the surrounding
normal tissue (Boucher et al., 1990). Tumour-derived medi-
ators could also reach vessels of the surrounding normal
tissue via blood flow. Thus it is conceivable that tumour-
derived mediators could affect the surrounding normal
vessels.
It is not clear at this time whether the phenomenon
reported in this study is also present in other tumour types.
There have been a few reports which suggest that reduced
leucocyte adhesion occurs in other tumours. For example, a
report by Ohkubo et al. (1991) indicated that, under control
conditions, leucocyte adhesion to microvascular endothelium
in VX2 carcinoma was lower than that in normal tissues.
Groves et al. (1991) reported that while the expression E-
selectin was present on the endothelial cells of squamous cell
carcinomas, it was undetectable on vessels of basal cell car-
cinoma. Kuzu et al. (1993) reported that the expression of
several important adhesion molecules for leucocyte adhesion
(i.e. ICAM-1, VCAM-1, E-selectin and P-selectin) was mark-
edly reduced in vascular tumours. Reduced expression of
adhesion molecules would be expected to result in reduced
leucocyte adhesion. Therefore, it is possible that reduced
leucocyte adhesion is not specific to one tumour model, but
rather due to certain common features shared by many
tumours. Similarly, radiation-induced changes in leucocyte
adhesion may not be limited to just one tumour.
If this phenomenon is also present in other tumours, it
would have important implications for radiation therapy.
The difference in leucocyte adhesion following radiation
would lead to more leucocyte-releated tissue injury in normal
tissues than tumour tissues. Since leucocyte adhesion to
endothelial cells increases vascular resistance (Lipowsky et
al., 1988), such a difference could alter the blood flow dist-
ribution between tumour and normal tissues and affect the
outcome of radiation therapy by interfering with oxygenation
(Jain, 1988). Finally, adoptive immunotherapy (Rosenberg,
1991) would only succeed in tumours in which the lym-
phocytes used for the therapy could adhere to and trasverse
the endothelial cells. If a tumour had a response to radiation
similar to our observation, then it would be undesirable to
combine radiation therapy with this type of immunotherapy.
In summary, we have demonstrated that blood vessels in
tumour-bearing tissues became less adhesive to leucocytes
after radiation, whereas those in normal tissues increased
their adhesiveness to leucocytes. Such differences may lie in
the differences between tumour and normal endothelial cells,
and/or the differences in tissue response to radiation between
tumour and non-tumour tissues.
The authors would like to thank Ms Jeri Edwards for performing the
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